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ABSTRACT 
The Cryogenian-Ediacaran boundary marks a profound change in the Earth environment 
from preceding glacial conditions to a subsequent period of shallow marine carbonate 
deposition. Earliest Ediacaran carbonate (i.e., “cap carbonate”) serves as a record of the 
chemical and physical conditions of the world’s ocean immediately following this transition. 
We present new step-leached trace element, rare earth element plus yttrium (REY), and Sr 
isotope (
87
Sr/
86
Sr) results from mid-Cryogenian, earliest Ediacaran, and late Ediacaran 
carbonate of the Amadeus Basin in central Australia that bracket the Cryogenian-Ediacaran 
boundary. Both REY and 
87
Sr/
86
Sr from a sample of mid-Cryogenian carbonate in the 
Amadeus Basin (the Ringwood Mbr. of the Aralka Fm.) are consistent with deposition in an 
anoxic marine environment. Subsequent basal Ediacaran cap carbonate (the Olympic cap) has 
REY compositions that document an up-section change from non-seawater to oxic marine 
conditions during cap dolostone deposition in the wake of Cryogenian deglaciation, 
presumably reflecting an important early contribution from glacial meltwater. Overlying cap 
limestone of the Olympic cap is marked by a strong negative Ce anomaly and, at early and 
intermediate leaching steps, elevated Y/Ho, attributes that point toward deposition in oxic 
seawater. Some step-leaching REY results from a sample of mid-Ediacaran carbonate of the 
Julie Fm. are also suggestive of a marine origin, though the remainder of leaching steps from 
this sample are consistent with pervasive “contamination” by detrital clay. Cumulatively, 
these data are consistent with key Cryogenian-Ediacaran transitions from largely anoxic 
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marine conditions during the Cryogenian Period, to earliest Ediacaran meltwater-dominated 
conditions, to a subsequent Ediacaran oxic marine environment. 
 
1. Introduction 
Sr isotope (
87
Sr/
86
Sr) chemostratigraphy is relevant to improved understanding of the long-
term tectonic evolution of the Earth, estimating ages of ancient carbonate, and tracing 
diagenetic processes (e.g., Burke et al., 1982; Walter et al., 2000; Halverson et al., 2007). A 
fundamental premise of 
87
Sr/
86
Sr chemostratigraphy is that marine carbonate can, under some 
circumstances, preserve 
87
Sr/
86
Sr equivalent to the composition of seawater at the time of 
deposition (e.g., Veizer, 1989). The marine residence time of Sr is much longer than the 
mixing time of the ocean (~10
6
 vs. ~10
3
 years, respectively), implying that 
87
Sr/
86
Sr of 
seawater is isotopically uniform at a given time (e.g., McArthur, 1994). The primary drivers 
of secular 
87
Sr/
86
Sr changes in the global ocean are long-term variations in the proportion of 
Sr delivered to the ocean from weathering of the continents (which contribute radiogenic 
87
Sr/
86
Sr) vs. cycling of seawater through hydrothermal alteration processes such as those that 
occur at mid-ocean ridges (non-radiogenic 
87
Sr/
86
Sr). The balance between hydrothermal and 
continental inputs has varied throughout geological history, primarily as a result of tectonic 
plate reorganisation, leading to global secular variation in the 
87
Sr/
86
Sr composition of 
seawater (e.g., Burke et al., 1982; Walter et al., 2000; Halverson et al., 2007; Goddéris et al., 
2017). Improvements to the 
87
Sr/
86
Sr record thus hold promise for adding to our 
understanding of tectonic events that affected the entire planet, namely supercontinent 
formation and break-up.  
 
The rare earth element (REE) plus yttrium (REY) compositions of carbonate can complement 
87
Sr/
86
Sr chemostratigraphy by revealing periods of marine vs. non-marine and oxic vs. 
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anoxic conditions, as well as indicators of diagenetic alteration (e.g., Elderfield, 1988; 
Nothdurft et al., 2004; Bolhar and Van Kronendonk, 2007; Corkeron et al., 2012). The 
residence times of REY in the ocean (which range from tens to thousands of years) are much 
shorter than Sr (Alibo and Nozaki, 1999), and, in fact, some of the REEs (Ce in particular) 
have residence times shorter than the mixing time of the ocean. Carbonate REY compositions 
thus largely reflect local-scale processes, in general contrast to the global-scale phenomena 
revealed by 
87
Sr/
86
Sr.   
 
A practical challenge to the interpretation of carbonate REY and 
87
Sr/
86
Sr is that both are 
susceptible to post-depositional alteration and “contamination” from detrital minerals that 
may mask primary geochemical characteristics and isotopic compositions (e.g., Melezhik et 
al., 2001; Bolhar and Van Kronendonk, 2007). Traditional techniques used to identify these 
complicating factors include scanning electron microscopy, X-ray diffraction, and 
petrographic and cathodoluminescence methods, but in very fine-grained carbonate these 
analyses are only useful for gross exclusion of clearly altered samples. An additional method 
for revealing the effects of diagenetic products is step-leaching of carbonate (e.g., Bailey et 
al., 2000; Li et al., 2011; Liu et al., 2013; Tostevin et al., 2016a), an approach that is 
analogous, in some ways, to the methodologies of 
40
Ar/
39
Ar step-heating in geochronology 
and stepwise thermal demagnetisation in paleomagnetic studies. Carbonate 
87
Sr/
86
Sr step-
leaching is based on the premise that adsorbed ions and some post-depositional phases are 
dissolved during early leaching steps, leaving carbonate that records “primary” geochemical 
information to be dissolved in subsequent steps. Although step-leaching experiments of 
carbonate have been previously conducted for both REYs (e.g., Zhang et al., 2015; Tostevin 
et al., 2016a) and 
87
Sr/
86
Sr (e.g., Bailey et al., 2000; Liu et al., 2013 and 2014), our study is, 
as far as we are aware, the first to combine step-leached REY and 
87
Sr/
86
Sr analyses.  
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Carbonates overlying terminal-Cryogenian glacial deposits have been the target of a number 
of previous 
87
Sr/
86
Sr and REY studies (e.g., Kennedy, 1996; Frimmel; 2009; Wang et al., 
2014), some of which involved step-leaching. In particular, a 15-step 
87
Sr/
86
Sr leaching 
experiment using ammonium acetate and acetic acid was previously conducted on dolostone 
from the basal Ediacaran Nuccaleena Fm. of South Australia (Liu et al., 2013). Results from 
this experiment suggest that by dissolving approximately 80% of the total carbonate material 
using the dilute acid series, “primary” 87Sr/86Sr was eventually obtained. These values were 
up to 0.008 less than those measured previously from bulk carbonate of correlative dolostone 
in Australia using only minor preliminary leaching (Calver, 1995 and 2000; Kennedy, 1996; 
Hill and Walter, 2000; Walter et al., 2000; McKirdy et al., 2001). A rise in 
87
Sr/
86
Sr during 
the final leaching steps of some samples from the Nuccaleena Fm. was attributed to mixing 
between least altered dolostone and dissolved clays, which contribute radiogenic 
87
Sr/
86
Sr 
(Liu et al., 2013). Some REY-based step-leaching studies have also concluded that final 
leaching steps dissolved non-carbonate minerals, such that final steps produced REY 
compositions more removed from original water compositions than those from earlier steps 
(Zhang et al., 2015; Tostevin et al., 2016a). 
 
Based on the prior studies cited above, a reasonable expectation for step-leached 
87
Sr/
86
Sr and 
REY results from marine carbonate is as follows. Early leaching steps should dissolve 
adsorbed ions, as well as authigenic carbonate with relatively radiogenic 
87
Sr/
86
Sr and non-
marine REY composition (in particular, low Y/Ho; e.g., Bau, 1996; Nozaki et al., 1997; 
Nothdurft et al., 2004; Bolhar and Van Kronendonk, 2007; Tostevin et al., 2016a). 
Intermediate leaching steps should begin to dissolve “primary” carbonate, which, in the case 
of marine carbonate, is characterised by relatively low 
87
Sr/
86
Sr and “marine-like” REY 
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composition, in particular relatively high Y/Ho. Final leaching steps should begin to dissolve 
non-carbonate minerals such as clays and Fe-Mn oxyhydroxides, and should thus have higher 
87
Sr/
86
Sr and lower Y/Ho than intermediate steps (e.g., Liu et al., 2013; Zhang et al., 2015; 
Tostevin et al., 2016a). Cumulatively, this framework makes a first-order prediction for step-
leaching experiments involving marine carbonate: Y/Ho and 
87
Sr/
86
Sr should be negatively 
correlated. Indeed, this correlation is the result obtained from a previous study involving bulk 
REY and 
87
Sr/
86
Sr of Archean microbial carbonate (Kamber et al., 2004). We tested this 
prediction by collecting step-leached 
87
Sr/
86
Sr and REY from Neoproterozoic carbonate in 
central Australia. In addition to testing this step-leaching hypothesis, our results are also 
useful for evaluating Neoproterozoic marine vs. non-marine and oxic vs. anoxic transitions in 
central Australia and, perhaps, worldwide (e.g., Shields, 2005; Canfield et al., 2008; 
Hoffman, 2011; Tostevin et al., 2016b). 
 
2. Geological background 
The Amadeus Basin of central Australia forms the middle and best-exposed portion of the 
Centralian Superbasin (Fig. 1A). Neoproterozoic strata within the Amadeus Basin range in 
age from the <1 Ga Heavitree Fm. to the late Ediacaran Arumbera Fm. (e.g., Edgoose, 2012) 
and include two stratigraphic levels of Neoproterozoic glacial deposits: the older Areyonga 
Fm. and the younger Olympic Fm. (Fig. 1B; e.g., Preiss et al., 1978). Correlations that are 
based largely on lithostratigraphy and C isotope chemostratigraphy, coupled with limited 
geochronological results (Kendall et al., 2006; Kositcin et al., 2015), suggest that the 
Areyonga Fm. is the older (i.e., “Sturtian”) Cryogenian glacial deposit, while glacial deposits 
of the Olympic Fm. were deposited during the “Marinoan” glaciation at the close of the 
Cryogenian Period (e.g., Kennedy, 1996; Verdel and Campbell, 2017). The Areyonga Fm. 
and Olympic Fm. are separated by Cryogenian “non-glacial interlude” shallow-marine 
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sediment of the Aralka Fm., which is subdivided into the lower Ringwood Mbr. and the upper 
Limbla Mbr. (Fig. 1B; Preiss et al., 1978; Verdel and Campbell, 2017). Overlying the 
Olympic Fm. glacial deposits are meters to tens of meters of dolostone and limestone of the 
so-called “Olympic cap” (Kennedy, 1996), which is best-exposed at Mt. Capitor in the 
eastern Amadeus Basin (Fig. 1C), an outcrop that has been described several times previously 
(Kennedy, 1993 and 1996; Calver, 1995; Kennedy et al., 1998 and 2001; Verdel and 
Campbell, 2017). At Mt. Capitor, the Olympic cap consists of 30-50 m of turbiditic 
dolostone, overlain by roughly one meter of limestone (Fig. 2). The exposure therefore 
consists of both basal Ediacaran cap dolostone and overlying cap limestone (e.g., Hoffman et 
al., 2007; Hoffman, 2011).  
 
The Olympic cap is overlain by a thick accumulation of siltstone and sandstone comprising 
the Pertatataka Fm., which is overlain by shallow-marine limestone and dolostone of the 
Ediacaran Julie Fm. (Fig. 1B; e.g., Jenkins et al., 1993; Calver, 1995). Importantly, Julie Fm. 
carbonate does not preserve the extreme δ13Ccarb (-10 to -12‰) that defines the mid-
Ediacaran Shuram/Wonoka excursion (e.g., Calver, 1995 and 2000; Fike et al., 2006; Verdel 
and Campbell, 2017). The Julie Fm. is overlain by sandstone of the Arumbera Fm., which 
spans the Precambrian-Cambrian boundary (Fig. 1B; e.g., Daly, 1972; Glaessner and Walter, 
1975; McIlroy et al., 1997). 
 
3. Methods 
Carbonate samples were collected from stratigraphic sections measured from outcrops in the 
eastern Amadeus Basin (Fig. 1C). Carbon and oxygen isotope results from these stratigraphic 
sections are documented in a recent paper (Verdel and Campbell, 2017). For 
87
Sr/
86
Sr and 
REY analyses, approximately 200 mg of carbonate powder from each sample were 
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transferred into Teflon centrifuge tubes and leached at 20°C following a 15-step-leaching 
procedure. Steps 1 and 2 of this procedure consisted of 5 ml of 1M ammonium acetate and a 
few drops of H2O2 (pH=7); Steps 3-9 used 5 ml of 0.25% (v/v) acetic acid (pH=3.1); steps 
10-12 employed 6 ml of 1% acetic acid (pH=2.8); steps 13 and 14 used 3 ml 5% acetic acid 
(pH=2.4); and step 15 employed 6 ml of 10% acetic acid (pH=2.3). In each step sample tubes 
were sonicated for ten minutes, and then centrifuged at 3600 rpm for five minutes. The 
supernatants were collected in Teflon beakers for elemental and isotopic analysis at each step, 
and residues were retained for further leaching. A decanting method was used for collection 
during the first five steps, while the later supernatants were collected using a pipette. All 
supernatants were dried and weighed to estimate the amount of non-carbonate constituents 
and elemental concentrations. The dried supernatants were dissolved in 5 ml of 2% HNO3 
containing 6 ppb internal standard composed of isotopically enriched 
6
Li and 
235
U and pure 
elemental solutions of Sc, Rh, In, Re and Bi. Stock solutions of certified standards W2a-1, 
BIR-1, and BHVO-2 were weighed and diluted using the same internal standard solution to a 
final dilution factor of ~5000. All samples and standards were ultra-sonicated for 30 minutes 
to ensure complete digestion and homogenisation of the solutions, after which they were 
centrifuged at 3500 rpm for 15 minutes immediately prior to measurement on a Thermo X-
series Quadrupole Inductively Coupled Mass Spectrometer (ICP-MS) in the Radiogenic 
Isotope Facility at the University of Queensland. Trace and REY measurements were 
conducted on leachate solutions from each step, as well as on total leachate solutions. 
Approximately 20 mg of powder from each sample was washed with 5 mL of 1M ammonium 
acetate twice to remove absorbed contaminants, then dissolved in ~10 mL of 10% (v/v) acetic 
acid in a sonic bath for ten minutes. The supernatant for total leaching was collected after 
using a centrifuge at 3600 rpm for five minutes, dried, and weighed. 
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Following trace element and REY measurements, five samples were selected for 
87
Sr/
86
Sr 
analysis. Solutions for 
87
Sr/
86
Sr analysis were prepared through column chemistry, and 
measurements were made with a Nu Instruments MC-ICP-MS in the UQ Radiogenic Isotope 
Facility using the NBS-987 standard. The standard deviation of ten 
87
Sr/
86
Sr measurements of 
internal standards after drift correction was 0.000028, which is regarded as external error. 
 
4. Results 
4.1. Step-leaching REY results  
Trace element and REY data were collected from seven samples of Neoproterozoic carbonate 
of the eastern Amadeus Basin (Supplemental Table 1). The oldest sample (the RW sample) is 
from mid-Cryogenian “non-glacial interlude” strata of the Ringwood Mbr. of the Aralka Fm. 
(Fig. 1B). Five of the samples are from the basal Ediacaran Olympic cap of the Amadeus 
Basin, collected from the Mt. Capitor exposure described above. The four stratigraphically 
lowest of these samples (OCD1 through OCD4) are from cap dolostone, and the 
stratigraphically highest sample (OCL) is cap limestone (Fig. 1B). The terms “cap dolostone” 
and “cap limestone” are used in this context as field-terms based on clear lithological 
differences (Fig. 2), but, as described below, quantification of Ca/Mg from the Mt. Capitor 
exposure is only partially consistent with this designation. The youngest sample we analysed 
(sample JF) is from the late Ediacaran Julie Fm. at its type locality at the Ross River 
homestead (Fig. 1B and C; Wells et al., 1967; Preiss et al., 1978). 
 
As described above, the samples were progressively leached with ammonium acetate and 
acetic acid. We plot the results both as (1) conventional semi-log plots of REY abundance 
normalised to the values of Post Archean Australian Shale (PAAS; Fig. 3; Barth et al., 2000); 
as well as (2) stacked PAAS-normalised plots (Fig. 4), which better illustrate progressive 
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changes during step-leaching. On the stacked REY plots, all steps from all samples are shown 
at the same scale, but the results from each step have been shifted vertically by an arbitrary 
amount to maintain visual clarity. We also plot the following key parameters for each 
leaching step: Ca/Mg, ΣREY, Y/Ho, Ce/Ce*, Eu/Eu*, Nd/YbPAAS, Mn, Fe, Sr, P, Sc, Th, Zr, 
Rb, and Ba (Fig. 5). 
 
REY patterns from the sample of mid-Cryogenian carbonate (the RW sample) change 
considerably during progressive leaching (Fig. 4). In particular, Y/Ho increases steadily from 
32 in step 1 to 48 in step 6, before declining to about 30 in subsequent steps (Fig. 5). The step 
6 maximum in Y/Ho is the greatest Y/Ho we obtained from any step for any of our samples. 
For comparison, the chondritic value of Y/Ho is 26 (Kamber et al., 2005), and Y/Ho greater 
than roughly 35 to 45 is frequently denoted as a “seawater signature” (e.g., Bolhar and Van 
Kronendonk, 2007; Tostevin et al., 2016a). Ce/Ce* (a measure of the Ce anomaly and 
expressed as Pr×(Pr/Nd)PAAS; Lawrence et al., 2006) is 1.3 (positive Ce anomaly) in steps 1 
and 2, and increases to as high as 1.5 in steps 6 through 11 (Fig. 5). For most leaching steps, 
sample RW has the greatest Ce/Ce* of any sample in our study. Eu/Eu* (expressed as 
Eu/[0.67Sm+0.33Tb]PAAS; Frimmel, 2009) is between 1.1 and 1.2 for all steps (Fig. 5). 
Nd/YbPAAS, a measure of light REE (LREE) enrichment, is 0.71 at step 1 for sample RW, 
steadily declines to 0.51 by step 6, then rises as high as 1 by step 15 (Fig. 5). For most steps, 
Nd/Yb from sample RW are the lowest we measured from any sample, indicating overall 
greater heavy REE (HREE) enrichment for the RW sample than other samples. 
 
REY patterns from Olympic cap dolostone samples OCD1 and OCD2 (which were collected 
3.5 m and 20 m, respectively, above the contact with underlying glacigenic deposits of the 
terminal-Cryogenian Olympic Fm., a contact that is the Cryogenian-Ediacaran boundary; Fig. 
  
10 
 
2; Kennedy, 1996) have relatively little change during step-leaching, though a common trait 
is that Y/Ho decreases for both samples during progressive dissolution (Figs. 4 and 5). Y/Ho 
diminishes from a high of 27.5 in step 3 to a low of 25.3 in step 15 for sample OCD1, and 
from a high of 28 in step 2 to a low of 25 in step 14 for sample OCD2. Overall, Y/Ho from 
these two samples are the lowest in this study, and sample OCD1 has the overall greatest 
Nd/Yb of any sample, indicating the strongest LREE enrichment. The main difference in 
REY composition between samples OCD1 and OCD2 is slightly lower Eu/Eu* of sample 
OCD2 (mean Eu/Eu* of 1.0 for all leaching steps) than OCD1 (mean Eu/Eu* of 1.1). REY 
patterns from sample OCD3 (which was collected 34 m above the contact with the 
siliciclastic Olympic Fm.) also have little change during leaching, and they are broadly 
similar to the patterns from OCD1 and OCD2 (Fig. 4). Mean Eu/Eu* for all leaching steps 
from sample OCD3 is 1.2. A subtle but potentially important difference between samples 
OCD1, OCD2, and OCD3 is that sample OCD3 has greater Y/Ho (ranging from 28.9 to 31.6 
during leaching, and a mean of 29.7) than the underlying samples of the Olympic cap (Figs. 4 
and 5). 
 
REY patterns from sample OCD4 (collected 38 m above the base of the Olympic cap) change 
more during leaching than those from underlying cap carbonate samples (Fig. 4). A negative 
Ce anomaly develops for sample OCD4, i.e., Ce/Ce* is 1.0 to 1.2 from steps 1 to 9 and 1.0 
from steps 10 through 15. Y/Ho is as low as 32 in step 1 and as high as 46 (greater than 
nominal seawater “thresholds”) in step 7. Steps 10 through 14 are generally more subdued in 
terms of all of these parameters than earlier steps. Step 15 is broadly similar to equivalent 
steps from underlying cap carbonate samples, but the total leaching pattern of OCD4 is 
distinct from those samples. The mean Eu/Eu* for all leaching steps from sample OCD4 is 
1.2. 
  
11 
 
 
REY patterns from sample OCL (the Olympic Fm. “cap limestone”) also change 
considerably during step-leaching (Figs. 4 and 5). From steps 1 to 3 there is a transition from 
positive to negative Ce anomaly for this sample (Ce/Ce* of 1.5 at step 2 and 0.8 at step 3), 
and, over most steps, sample OCL had the lowest Ce/Ce* of any of our samples, including a 
minimum of 0.4 in steps 6 through 9. From steps 1 to 8, Y/Ho changes from 27 to 42. In a 
manner somewhat similar to that of OCD4, REE patterns from steps 9 to 14 of sample OCL 
are generally flatter than immediately preceding steps. The REE pattern from step 15 of OCL 
is broadly similar to step 15 from underlying cap carbonate samples (Fig. 4). The total-
leaching pattern from OCL is generally similar to those from OCD1, OCD2, and OCD3, with 
the exception of a negative Ce anomaly that does not exist in the total-leaching pattern from 
the three stratigraphically lowest samples of cap carbonate (Fig. 4). The mean Eu/Eu* for all 
leaching steps from sample OCL is 1.2. 
 
The youngest sample we analysed, sample JF from the mid-Ediacaran Julie Fm., has step-
leached REY patterns distinct from the older samples, a difference that is most broadly 
summarised as relatively flat PAAS-normalised results (Fig. 4). Y/Ho reaches a maximum of 
34 in step 3, but is otherwise between 25 and 30. Ce/Ce* is at a minimum of 0.8 in step 2, but 
it is between 0.9 and 1.0 in other steps. The maximum Eu/Eu* is 1 at step 1, but it is between 
0.8 and 0.9 in all other steps, in general contrast to the relatively high (≥1) Eu/Eu* for the 
other samples.  
 
In addition to REY compositions, the concentrations and ratios of some other elements during 
step-leaching are noteworthy (Fig. 5). Ca/Mg reaches a maximum for most samples between 
steps 3 and 8, and there is a general correspondence between the step-leaching spectra of 
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Ca/Mg and Y/Ho. There is no obvious pattern to overall changes in Sr concentration during 
step-leaching, though one key result is that the sample of mid-Cryogenian carbonate from the 
Ringwood Mbr. has by far the highest Sr concentration (by a factor of approximately four) of 
any of our samples. There is also no clear overall pattern for Fe and Mn concentrations. 
Phosphorous concentrations rise in the final leaching steps for most of our samples, and for a 
number of trace elements (including Zr, Rb, and Ba), concentrations are greatest in 
approximately the first five steps, fall to low concentrations during intermediate steps, then 
often rise slightly in the final steps. Concentrations of Ni follow a similar pattern, but 
experience a spike in steps 5 and 6 for several samples.    
 
4.2 Step-leaching 
87
Sr/
86
Sr results 
87
Sr/
86
Sr were obtained from a subset of five samples (Supplemental Table 2): the 
Cryogenian Ringwood Mbr. sample (sample RW), three samples of the basal Ediacaran 
Olympic cap (from oldest to youngest, samples OCD1, OCD2, and OCL), and the mid-
Ediacaran Julie Fm. sample (sample JF; Fig. 1B). The subset was selected based on 
preliminary analysis of the REY results and stratigraphic significance. 
87
Sr/
86
Sr was 
determined from leachates of steps 5, 7, 9, 13, 14, and 15 (Fig. 6).  
 
Leachates from the Ringwood Mbr. sample have consistently low 
87
Sr/
86
Sr for all steps, 
reaching a minimum of 0.707752 at step 14 (Fig. 6). In strong contrast, 
87
Sr/
86
Sr of sample 
OCD1 (base of the Olympic cap) declines precipitously from 0.721306 at step 5 to 0.711678 
at step 7, before declining more gradually in subsequent steps and eventually reaching a 
minimum of 0.709559 at step 15. Sample OCD2 has a similar declining 
87
Sr/
86
Sr spectrum, 
with 
87
Sr/
86
Sr of 0.715755 at step 5, and a minimum of 0.709469 at step 14. Sample OCL 
also has a broadly similar pattern: a maximum 
87
Sr/
86
Sr of 0.71877 at step 5 and a minimum 
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87
Sr/
86
Sr of 0.71157 at step 15. Sample JF has a slightly different pattern, however, with 
87
Sr/
86
Sr of 0.711924 at step 5, rising slightly to 0.712472 at step 13, then falling to a 
minimum 
87
Sr/
86
Sr of 0.711682 at step 15. In summary, three of the five samples (OCD1, 
OCD2, and OCL) have step-leaching patterns characterised by sharp declines in 
87
Sr/
86
Sr, 
whereas in the other two samples (RW and JF), 
87
Sr/
86
Sr spectra have less variation. In all 
cases, the minimum 
87
Sr/
86
Sr was produced at steps 14 or 15, and in most cases (sample JF 
being the exception), the maximum 
87
Sr/
86
Sr was from step 5, the earliest leaching step that 
we analysed for 
87
Sr/
86
Sr (Fig. 6). 
 
5. Discussion 
5.1 Assessing the role of diagenesis and detrital minerals 
The samples evaluated for this study invariably contain small amounts of non-carbonate 
minerals, the presence of which is likely the cause of some, or most, of the REY and 
87
Sr/
86
Sr 
variation during step-leaching (Liu et al., 2013 and 2014; Tostevin et al., 2016a). These 
detrital minerals, and clays in particular, are a source of REEs in pore waters during 
diagenesis, so diagenesis and the occurrence of detrital minerals are intertwined in the 
examination of REY data from carbonate (Webb and Kamber, 2000; Chen et al., 2015). We 
therefore begin the interpretation of our results by using trace element and REY data to assess 
the extent of “contamination” of our samples by shale, Fe-Mn oxyhydroxides, phosphates, 
and barite (e.g., Nothdurft et al., 2004). In particular, we evaluate the step-leaching behaviour 
of Th, Zr, Rb, Sc, and Ni to assess shale contamination; Fe and Mn as proxies for Fe-Mn 
oxyhydroxides; P for phosphates; and Ba for the influence of barite. We examine step-
leaching spectra of these elements for each of our samples (Fig. 5) to evaluate the potential 
impact on our results of non-carbonate minerals. 
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For our samples, both Th and Zr, two key indicators of shale contamination (e.g., Webb and 
Kamber, 2000; Bolhar and Van Kronendonk, 2007; Chen et al., 2015), have “saddle-shaped” 
step-leaching spectra that consist of relatively high concentrations from early and late steps, 
and minimum concentrations in the middle, usually at steps 6 or 8 (Fig. 5). The pattern of Rb 
concentration during step-leaching is broadly similar, though the saddle is not as well defined 
(Fig. 5). Sc concentrations have no clear patterns during step-leaching (Fig. 5). Ni 
concentrations reach their maxima in steps 5 or 6 for all samples, though the steps at which 
Ni concentration minima occur vary considerably from sample to sample (Fig. 5). We 
consider the results and patterns for Th, Zr, Rb, and Ni to all be related to adsorbed ions and 
shale contamination of our samples. We attribute the Ni spike at steps 5 and 6 to the 
dissolution of sulphides. This interpretation implies that minimum influence from adsorbed 
ions and shale contamination generally occurs in the steps corresponding to the position of 
the saddle in Th, Zr, and Rb spectra, approximately steps 6 through 9. P concentrations have 
similar step-leaching behaviour to Th and Zr (Fig. 5), suggesting contributions of adsorbed 
ions at early leaching steps and dissolution of phosphates at late leaching steps, with minimal 
phosphate dissolution during steps 6 through 9. 
 
There is no clear overall pattern of Mn or Fe concentrations during step-leaching (Fig. 5). In 
some samples the concentrations of Mn and Fe are highest in early steps, for others they are 
highest in late steps, and for others the maximum concentrations are in intermediate steps. 
We therefore conclude that there is no systematic pattern of dissolution of Fe-Mn 
oxyhydroxides during step-leaching. Ba concentration progressively declines for most 
samples (Fig. 5), a pattern that we interpret as reflecting dissolution of adsorbed Ba ions, and 
potentially barite, during the earliest leaching steps. 
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5.2 Depositional environment of Neoproterozoic strata in the Amadeus Basin  
In this section, we evaluate REY results to assess marine vs. non-marine and oxic vs. anoxic 
conditions for the carbonate we sampled. As described above, trace element data suggest 
dissolution of adsorbed ions, authigenic carbonate, and detrital phases in all of our samples at 
early and late leaching steps. These “contaminants” are at a minimum in approximately steps 
6 through 9, so a reasonable expectation is that REY results from the same steps could be 
particularly useful for examining ancient geochemical records preserved within 
Neoproterozoic carbonate of the Amadeus Basin.  
 
The REY composition of modern-day seawater is characterised by a positive Y/Ho anomaly, 
LREE depletion, and a negative Ce anomaly (e.g., Elderfield et al., 1990; James et al., 1995; 
Zhang and Nozaki, 1996; Bau et al., 1997; Nozaki et al., 1997). Some ancient (including 
Proterozoic) carbonates include all of these features (e.g., Nothdurft et al., 2004; Schröder 
and Grotzinger, 2007; Wang et al., 2014; Tang et al., 2016), suggesting that ancient marine 
carbonate is capable of recording the REY composition of contemporaneous seawater. 
Conversely, the absence of these features in the REY composition of ancient carbonate 
suggests either (1) deposition under non-marine or restricted marine conditions (e.g., Bolhar 
and Van Kronendonk, 2007; Frimmel, 2009), or, alternatively, (2) ancient ocean geochemical 
conditions that differ from that of the modern world.  An example of ancient carbonate with 
non-marine REY composition comes from stromatolites in the Neoproterozoic (Tonian) 
Bitter Springs Fm. of the Amadeus Basin (Corkeron et al., 2012). Nevertheless, the Bitter 
Springs Fm., and indeed the very part of the Bitter Springs Fm. (Loves Creek Mbr.) that 
includes these stromatolites, records a significant negative δ13Ccarb excursion (the “Bitter 
Springs excursion;” e.g., Swanson-Hysell et al., 2012) that is preserved in Tonian strata on 
multiple continents (e.g., Halverson et al., 2005; Alene et al., 2006; Swanson-Hysell et al., 
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2015). A potential resolution of these seemingly conflicting observations is that 
Neoproterozoic δ13Ccarb excursions may, in some cases, reflect changing environmental 
conditions and fluctuations between lacustrine and restricted marine environments (Klaebe et 
al., 2016). 
 
The oldest sample evaluated in this study is from Cryogenian carbonate (Ringwood Mbr. of 
the Aralka Fm.) that was deposited during the non-glacial interlude between the Sturtian and 
Marinoan glacial periods (Fig. 1B). This sample is somewhat outstanding in that has (1) 
among the highest Ca/Mg, Y/Ho, and Ce/Ce* of any of our samples; (2) the lowest Nd/Yb (a 
proxy for LREE depletion); and (3) by far the greatest Sr concentration (Fig. 5). Steps 6 and 7 
from sample RW reach Y/Ho of 48 and 46, respectively, values generally considered to be 
indicative of marine deposition (e.g., Bolhar and Van Kronendonk, 2007; Tostevin et al., 
2016a). Enrichment of HREE over LREE (i.e., low Nd/Yb) for all steps from this sample also 
point toward marine deposition. All steps from sample RW have a positive Ce anomaly 
(ranging from 1.3 to 1.5; Fig. 4), suggesting that this sample of mid-Cryogenian carbonate in 
the Amadeus Basin was deposited in anoxic conditions. We consider the minimum 
87
Sr/
86
Sr 
(0.707752; Fig. 6) from this sample of the Ringwood Mbr. to be a close approximation of 
mid-Cryogenian marine 
87
Sr/
86
Sr in central Australia. The similarity between this result and 
previous mid-Cryogenian 
87
Sr/
86
Sr results that comprise a “global” marine 87Sr/86Sr record 
(e.g., Halverson et al., 2007; Bold et al., 2016) are evidence of connectivity between the 
Amadeus Basin and the open ocean during mid-Cryogenian time, a conclusion that is 
supported by close correspondence between the Amadeus Basin non-glacial interlude δ13Ccarb 
record with stratigraphic counterparts from around the world (Verdel and Campbell, 2017). 
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Samples OCD1 through 4, as well as sample OCL (all from the Olympic cap; Fig. 1B and C) 
illustrate key secular changes in the REY composition of basal Ediacaran cap carbonate. The 
two stratigraphically lowest samples from the Olympic cap (OCD1 and 2) have similar REY 
compositions that are characterised by low Y/Ho (≤28 for all leaching steps) and relatively 
high Nd/YbPAAS (up to 1.7; Figs. 4 and 5). Both characteristics are consistent with freshwater 
deposition. The overlying sample of cap carbonate (OCD3) is somewhat distinctive in that it 
has slightly greater Y/Ho (29-32) across all leaching steps, and slightly lower Nd/Yb for 
many steps. Although the rise in Y/Ho in sample OCD3 compared to underlying parts of the 
Olympic cap is clear from visual inspection (Fig. 4) and may signify increased seawater 
influence, on balance the REY pattern is not reminiscent of modern-day marine carbonate. 
 
The overlying cap carbonate sample OCD4 is different from underlying samples of the 
Olympic cap in a number of respects. First, although the sample itself is visually similar to 
the underlying cap dolostone, it has higher Ca/Mg over most leaching steps than 
stratigraphically lower samples of the Olympic cap (Fig. 5). Second, it has some of the 
highest Y/Ho values of any sample, reaching values of 45 to 46 in steps 6 through 8 (Fig. 5). 
Nd/YbPAAS is 0.7 in these same three steps, lower values than for any steps from the 
underlying cap dolostone. These characteristics are indications of deposition of the upper part 
of the Olympic cap dolostone in seawater, and a reduced freshwater influence.  
 
Sample OCL, which is from the top of the Mt. Capitor exposure of the Olympic cap (Figs. 1B 
and 2), was identified in the field as limestone, but actually has significantly lower Ca/Mg 
than the underlying sample OCD4 (Fig. 5), which was described in the field as “cap 
dolostone” based on visual similarities with underlying dolostone turbidites (Fig. 2). Y/Ho 
from sample OCL reaches 42 in leaching step 3, falls slightly to 39 in steps 4 and 5, then 
  
18 
 
returns to 42 in step 6 (Fig. 5). The most notable difference with underlying samples is the 
pronounced negative Ce anomaly of OCL (Fig. 4). From steps 5 to 9, sample OCL has among 
the lowest Ce/Ce* of any of our samples, and Ce/Ce* reaches a minimum of 0.42 in step 7.  
These REY traits of sample OCL are characteristic of deposition in oxic seawater. We 
interpret the overall up-section transition from non-seawater to marine-like conditions in the 
Olympic cap as evidence in support of the “plumeworld” hypothesis (Shields, 2005), which 
holds that basal-Ediacaran cap carbonate was deposited initially from a pool of glacial 
meltwater (e.g., Yang et al., 2017), followed by later deposition accompanying mixing with 
seawater. 
 
Results from the sample of the late Ediacaran Julie Fm. (sample JF) are more difficult to 
interpret than those from other samples. One characteristic in which sample JF is outstanding 
is that it has the lowest Eu/Eu*, over all leaching steps, of any sample (Fig. 5). At steps 2 and 
5 it has somewhat elevated Ca/Mg (in comparison with basal cap dolostone of the Olympic 
cap), and, at step 3, Y/Ho reaches 34, the maximum for the sample. At steps 2 and 3 there is a 
notable negative Ce anomaly (Fig. 4), with Ce/Ce* of 0.8 to 0.9. Overall, Nd/Yb are 
intermediate between the high values of sample OCD1 (the base of the Olympic cap), which 
we consider non-marine, and sample RW (mid-Cryogenian carbonate), which we consider to 
be clearly marine based on both REY and 
87
Sr/
86
Sr results. From steps 6 through 15, Nd/Yb 
of sample JF approaches that of the Ringwood Mbr. sample (Fig. 5). The balance of evidence 
suggests, therefore, that the REY composition of sample JF reflects deposition in oxic 
seawater, although this composition has likely been strongly affected by diagenesis and/or 
contributions from detrital minerals.  
 
  
19 
 
In summary, our data are most compatible with the following interpretation. Carbonate of the 
mid-Cryogenian Ringwood Mbr. was deposited in anoxic marine conditions, consistent with 
the findings from REY and δ238U studies of correlative strata in South Australia (Hood and 
Wallace, 2015; Hood et al., 2016), as well as with widespread ocean anoxia during the 
Cryogenian non-glacial interlude (e.g., Canfield et al., 2008). Following the late Cryogenian 
(Marinoan) glaciation signified by the Olympic Fm., the oldest parts of the basal Ediacaran 
Olympic cap were deposited from a non-seawater source, which we attribute to glacial 
meltwater. Up-section changes in the REY composition of the Olympic cap illustrate an 
increasing influence from oxic seawater, such that sample OCD4 has many marine REY 
characteristics, such as HREE enrichment, strongly superchondritic Y/Ho, and negative Ce 
anomaly (Fig. 4). Deposition of the Olympic “cap limestone” also occurred in oxic seawater, 
as did mid-Ediacaran carbonate of the Julie Fm. 
 
5.3 Coupled carbonate REY and 
87
Sr/
86
Sr step-leaching 
A first-order prediction based on previous studies that have combined REY and 
87
Sr/
86
Sr 
results is that since both REY and 
87
Sr/
86
Sr are sensitive to contamination from detrital 
minerals and/or non-carbonate phases, they should be correlated. In particular, 
87
Sr/
86
Sr 
should be negatively correlated with Y/Ho, a key indicator of marine vs. non-marine 
conditions. We assess this prediction by plotting 
87
Sr/
86
Sr vs. Y/Ho for individual leaching 
steps (Fig. 7). For each sample analysed during this study the prediction turns out to be false: 
in each case, there is a positive correlation between the two parameters, though the strength 
of the correlation varies from sample to sample. The sample with the clearest correlation is 
from the top of the Olympic cap (sample OCL), which consistently decreases in 
87
Sr/
86
Sr for 
every analysed leaching step between steps 5 and 15. The same steps from this sample 
progressively decrease nearly as consistently in Y/Ho (Fig. 7). 
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The REY and 
87
Sr/
86
Sr results from our study thus tell somewhat conflicting stories. REY 
patterns from our samples are generally most “marine-like” in the intermediate steps of 6 to 9 
(Fig. 5), but the most “marine-like” 87Sr/86Sr steps are the final ones, steps 14 or 15 (Fig. 6). 
We attribute the disparity to progressive dissolution of three sources: (1) a Sr-rich reservoir 
with low Y/Ho and high 
87
Sr/
86
Sr, (2) a Sr-rich reservoir with high Y/Ho and low 
87
Sr/
86
Sr; 
and (3) a reservoir that is Sr-poor but REY-rich, and which has low Y/Ho and high 
87
Sr/
86
Sr. 
We infer that source 1 comprises adsorbed ions and post-depositional carbonate with 
87
Sr/
86
Sr 
and REY compositions of pore fluids (which probably, in turn, reflect that of detrital clay); 
source 2 is “primary” carbonate, which has variable 87Sr/86Sr and Y/Ho, depending on marine 
vs. non-marine depositional environment; and source 3 is detrital clay. Although there is 
potentially mixing between all three sources during each leaching step, overall, early leaching 
steps primarily dissolve adsorbed ions and diagenetic carbonate (source 1), intermediate steps 
dissolve a combination of diagenetic and primary carbonate (sources 1 and 2), and late 
leaching steps dissolve a combination of primary carbonate and detrital clay (sources 2 and 
3). This conceptual interpretation is consistent with our results: early leaching steps are 
dominated by low Y/Ho and high 
87
Sr/
86
Sr (both attributes of easily dissolved diagenetic 
carbonate); intermediate steps are dominated by REY from primary carbonate, but, in many 
cases, include Sr contribution from diagenetic carbonate; and final leaching steps are strongly 
influenced by REY from clays, but include Sr dominantly from primary carbonate.   
 
5.4 
87
Sr/
86
Sr step-leaching of basal Ediacaran cap carbonate 
Our step-leaching approach was modelled on previous studies of 
87
Sr/
86
Sr of basal Ediacaran 
cap carbonate in South Australia and Mongolia (the Nuccaleena Fm. and Ol cap dolostone, 
respectively; Liu et al., 2013 and 2014). Comparison of these previous results with our new 
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findings from the correlative Olympic cap of the Amadeus Basin is therefore relevant to the 
broad topic of estimating earliest Ediacaran 
87
Sr/
86
Sr from Marinoan cap carbonate. 
Minimum 
87
Sr/
86
Sr from step-leaching of the Ol cap dolostone vary little with stratigraphic 
position from a mean of 0.70910 (Liu et al., 2014). In contrast, minimum 
87
Sr/
86
Sr ranges 
from about 0.7073 to 0.7079 at the base of the Nuccaleena Fm., rises to between 0.70865 and 
0.70967 in the middle portion, and falls to 0.70771 to 0.70791 in the uppermost part of the 
Nuccaleena Fm. cap dolostone (Liu et al., 2013 and 2014). For comparison, minimum 
87
Sr/
86
Sr is 0.70956 at the base of the Olympic cap (step 15 from sample OCD1), 0.70959 in 
the lower to middle part (step 14 from sample OCD2), and 0.71157 in cap limestone of the 
Olympic cap (step 15 from sample OCL; Fig. 6). With the exception of the relatively non-
radiogenic 
87
Sr/
86
Sr at the bottom and top of the Nuccaleena Fm. (Liu et al., 2013), these 
values are all significantly greater than those used in earliest Ediacaran “global” 
Neoproterozoic 
87
Sr/
86
Sr records (e.g., Halverson et al., 2007). Based on REY data from 
Olympic cap dolostone samples OCD1 and OCD2 that indicate minimal seawater influence 
in their geochemical compositions, we see no reason to relate the 
87
Sr/
86
Sr of these samples to 
that of the earliest Ediacaran ocean, regardless of other complicating issues such as diagenetic 
alteration or contributions from non-carbonate minerals. Olympic cap limestone has a 
“marine-like” REY composition, but even the minimum 87Sr/86Sr from this carbonate is much 
greater than values representative of the ocean during any part of the Neoproterozoic Era 
(e.g., Halverson et al., 2007). Particularly in light of the fact that 
87
Sr/
86
Sr reached a minimum 
in the final leaching step of sample OCL (Fig. 6), we attribute these relatively high values to 
mixing with non-carbonate minerals. Indeed, sample OCL has the highest Ni and Ba 
concentrations for step 15 of any of our samples, and it has among the highest step 15 
concentrations of P, Sc, Th, and Mn (Fig. 5). These same issues (deposition from glacial 
meltwater and Sr contributions from non-carbonate minerals during late leaching steps) may 
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account for relatively high 
87
Sr/
86
Sr minima from basal Ediacaran cap carbonate in South 
Australia and Mongolia (Liu et al., 2013 and 2014), as opposed to the possibility that these 
values reflect that of the earliest Ediacaran ocean. Finally, we note that the carbonate sample 
in our study that produced 
87
Sr/
86
Sr most closely aligned with the global record of Halverson 
et al. (2007), which is from the mid-Cryogenian Ringwood Mbr. of the Aralka Fm. (RW), 
also has the highest [Sr] of any of our samples (Fig. 5). We conclude that the approach of 
Halverson et al. (2007) to screen bulk 
87
Sr/
86
Sr results by [Sr] (i.e., discarding 
87
Sr/
86
Sr from 
samples with relatively low [Sr]) is simpler and, ultimately, seems to be at least as effective 
in reconstructing secular changes in 
87
Sr/
86
Sr as the step-leaching method. 
 
5.5 The Neoproterozoic REY record 
Our new REY data from central Australia are part of a growing global dataset of REY 
compositions of Neoproterozoic carbonate. Three important topics that are addressed by these 
data are deposition in marine vs. restricted marine or terrestrial settings (e.g., Corkeron et al., 
2012), oxic vs. anoxic marine conditions (e.g., Canfield et al., 2008; Hood and Wallace, 
2015, Tostevin et al., 2016b, Wallace et al., 2017), and hydrothermal input (e.g., Huang et al., 
2011). Key REY parameters useful for evaluating these topics are Y/Ho, Ce/Ce*, and 
Eu/Eu*, respectively. We compiled a large dataset of previous Neoproterozoic carbonate 
REY results to evaluate these parameters, and we divide the dataset into Tonian, Cryogenian, 
and Ediacaran groups to assess gross secular changes. We plot the compiled dataset in terms 
of the three key REY parameters (Y/Ho, Ce/Ce*, and Eu/Eu*), all of which we normalise to 
PAAS, such that the coordinate (1,1) on the plots in Fig. 8 correspond with PAAS. In order to 
maintain consistency between datasets from a number of authors, in Fig. 8 we use the PAAS 
values of Taylor and McLennan (1985) for normalisation. 
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Y/Ho is a fundamental parameter for discriminating carbonate deposited in a marine vs. 
terrestrial environment (e.g., Nozaki et al., 1997). One of the most striking features of the 
Neoproterozoic carbonate REY compilation illustrated in Figure 8 is the set of previous 
results from stromatolites in the Tonian Loves Creek Mbr. of the Bitter Springs Fm. 
(Corkeron et al., 2012), which fall near (1,1) on the plot of Y/Ho vs. Ce/Ce*. These data are 
thus similar to lacustrine microbialite in the Eocene Green River Fm. of western North 
America (Bolhar and van Kronendonk, 2007). However, unlike the Loves Creek Mbr. 
stromatolites (which have Y/HoPAAS ≤1.1), other samples of Tonian carbonate have Y/HoPAAS 
up to 2.8 (Tostevin et al., 2016a), suggestive of marine deposition. The most straightforward 
explanation of these data is that the Loves Creek Mbr. stromatolites formed in a lacustrine or 
highly restricted marine setting, while many other Tonian carbonates were deposited in 
shallow seawater.  
 
Cryogenian carbonate also has a wide range in Y/HoPAAS, varying from about 0.7 to 2.4 (Fig. 
8). A number of previous Cryogenian carbonate samples have Y/HoPAAS that are only slightly 
greater than one, including those from Cryogenian cap carbonate of western North America 
(Meyer et al., 2012). At least some of the non-marine REY characteristics of Cryogenian 
carbonate may be attributable to deposition from a glacial meltwater plume, in the same 
manner that has been described for basal Ediacaran cap carbonate (e.g., Shields et al., 2005; 
Yang et al., 2017). 
 
Ce/Ce* of Neoproterozoic carbonate are informative for tracing secular changes in oxic vs. 
anoxic depositional conditions (e.g., Wallace et al., 2017). REY results from Tonian 
carbonate are limited, but existing data indicate a relatively restricted range in Ce/Ce* from 
about 0.6 to 1.1. Cryogenian carbonate has a significantly wider range, varying from 0.5 to 
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1.6, including a greater proportion of samples with Ce/Ce*>1, a nominal indication of anoxic 
conditions. Ce/Ce* ranges from about 0.3 to 1.3 for Ediacaran carbonate, and most 
previously analysed Ediacaran carbonate has Ce/Ce*<1, an indicator of oxic conditions. The 
general contrast between Cryogenian and Ediacaran results is consistent, therefore, with 
previous suggestions that the Cryogenian-Ediacaran transition coincides with an important 
shift in oxygenation of the world’s oceans (e.g., Canfield et al., 2008; Wallace et al., 2017). 
 
Finally, elevated Eu/Eu* of Ediacaran carbonate has been widely reported previously and has 
been frequently interpreted as a signal of hydrothermal input (e.g., Huang et al., 2011; 
Meyers et al., 2012). Tonian carbonate in the compiled dataset has a Eu/Eu* range of 0.9 to 
2.4, though the vast majority of Tonian Eu/Eu* analyses fall between 0.9 and 1.3 (Fig. 8). 
Cryogenian carbonate Eu/Eu* has a similar overall range of 0.8 to 2.2, but, in contrast, 
Ediacaran carbonate has a particularly wide range of about 0.6 to 4.6. Some of the apparent 
secular variability in Eu/Eu* may be attributable to sampling bias, because there are many 
more Ediacaran REY analyses in the literature than Cryogenian or Tonian analyses. 
Nevertheless, Eu/Eu* from the global Neoproterozoic REY dataset, such as it currently 
exists, seem to be generally greater during the Ediacaran Period than during earlier parts of 
the Neoproterozoic. As an alternative to previous explanations that attributed elevated 
Eu/Eu* to hydrothermal input, we suggest that the positive Eu anomaly of some Ediacaran 
carbonate may arise from increased weathering of detrital feldspar in glacial deposits during 
the greenhouse conditions that prevailed during early Ediacaran time.   
 
In terms of the fundamental parameters of Ce/Ce* and Y/Ho, Neoproterozoic carbonate 
largely falls between “endmember” values representative of modern oxic seawater and 
terrestrial waters with unfractionated REY compositions (Fig. 8A). This pattern likely reflects 
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(1) a Neoproterozoic ocean that was transitional between the redox conditions that prevailed 
during earlier Precambrian and Phanerozoic time; and (2) widespread Neoproterozoic 
carbonate deposition on shallow continental shelves.  
 
6. Conclusions 
Based on coupled REY and 
87
Sr/
86
Sr step-leaching from a suite of Neoproterozoic carbonate 
samples from the Amadeus Basin of central Australia, we conclude the following. First, REY 
and trace element results from intermediate leaching steps were least affected by adsorbed 
ions, diagenetic carbonate, and non-carbonate minerals, as evidenced by “saddle-shaped” 
step-leaching spectra of the lithophile elements Th, Zr, and Rb. Second, a positive correlation 
between Y/Ho and 
87
Sr/
86
Sr during step-leaching likely arises from mixing between different 
reservoirs that vary in terms of [Sr], 
87
Sr/
86
Sr, REY composition, and REY abundance. Third, 
portions of the mid-Cryogenian, non-glacial interlude strata of the Amadeus Basin (the 
Aralka Fm.) were deposited in an anoxic marine setting, as indicated by anoxic marine-like 
REY compositions during intermediate leaching steps, as well as close correspondence 
between 
87
Sr/
86
Sr of carbonate from the Ringwood Mbr. of the Aralka Fm. with the global 
Neoproterozoic 
87
Sr/
86
Sr record. Fourth, deposition of basal Ediacaran cap carbonate of the 
Olympic cap occurred initially from a reservoir of glacial meltwater, and subsequently from 
oxic seawater. 
87
Sr/
86
Sr from the Olympic cap depart from the global 
87
Sr/
86
Sr seawater 
record both because Olympic cap dolostone was deposited from a meltwater plume, and 
because even final leaching steps from overlying Olympic cap limestone were strongly 
influenced by non-carbonate minerals. REY results from a sample of the late Ediacaran Julie 
Fm. also suggest deposition in oxic seawater, though the sample seems to be strongly 
influenced by diagenetic alteration. Finally, the global REY database from Neoproterozoic 
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carbonate suggests a transition from a Cryogenian period consisting largely of anoxic marine 
conditions, to an Ediacaran period characterised by oxic oceans and extreme weathering.   
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FIGURE CAPTIONS 
Figure 1. Neoproterozoic strata of central Australia. (A) Map of the major Neoproterozoic 
basins of Australia (after Maidment et al., 2007). The three major components of the 
Centralian Superbasin are the Officer, Amadeus, and Georgina Basins. (B) Cryogenian-
Ediacaran stratigraphy of the Amadeus Basin showing stratigraphic positions of samples 
analysed for this study. (C) Shaded relief map of a portion of the eastern Amadeus Basin 
showing sample locations. 
 
Figure 2. Field photograph from the Mt. Capitor region of the eastern Amadeus Basin. 
Dashed line is the Cryogenian-Ediacaran boundary and separates glacial siliciclastic strata of 
the Olympic Fm. from overlying cap carbonate of the so-called “Olympic cap.” The field 
designation of “cap limestone” was applied to the grey carbonate that overlies tan dolomitic 
turbidites of the Olympic cap dolostone. 
 
Figure 3. PAAS-normalised (Barth et al., 2000) REY compositions of Cryogenian-Ediacaran 
carbonate from the Amadeus Basin. For each sample results are shown for the 15 leaching 
steps, plus the total leaching step. Samples are arranged from oldest at the bottom to youngest 
at the top. 
 
Figure 4. Stacked PAAS-normalised (Barth et al., 2000) REY diagrams. Progressive 
leaching steps are shown from bottom to top, and samples decrease in age to the right. Each 
leaching step is shifted along the vertical axis by an arbitrary amount. 
 
Figure 5. Trace element and REY step-leaching spectra. 
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Figure 6. 
87
Sr/
86
Sr step-leaching results. 
 
Figure 7.  
87
Sr/
86
Sr and Y/Ho from leaching steps of five Neoproterozoic carbonate samples. 
Each sample has a positive correlation between 
87
Sr/
86
Sr and Y/Ho. 
 
Figure 8. Compilation of Y/Ho, Ce/Ce*, and Eu/Eu* from Neoproterozoic carbonate. 
Sources of data: Modern marine microbialites (Webb and Kamber, 2000); modern anoxic 
seawater (Bau et al., 1997); modern oxic seawater (Douville et al., 2002); hydrothermal vent 
(Bau and Dulski, 1999); surface water from the South Fiji Basin (Zhang and Nozaki, 1996); 
Eocene stromatolites, Green River Fm. (Bolhar and Van Kronendonk, 2007); Ediacaran, 
Schisto-Calcaire and Otavi Group, Namibia (Frimmel, 2009); Ediacaran, leaching and nitric 
partial leach (Tostevin et al., 2016a); Ediacaran, Namibia (Rodler et al., 2016); Julie Fm. (this 
study); Ediacaran, China (Zhang et al., 2015; Ling et al., 2013; Wang et al., 2014; Huang et 
al., 2011; Hohl et al., 2015); OCL and OCD samples (Olympic cap; this study); Cryogenian, 
Haut (Frimmel, 2009); RW sample (Ringwood Mbr.; this study); Balcanoona Fm. (Hood and 
Wallace, 2015); Cryogenian, Namibia (Rodler et al., 2016); Cryogenian, Berg Aukas, 
Namibia (Frimmel, 2009); Cryogenian, Idaho (Meyer et al., 2012); Loves Creek Mbr., Bitter 
Springs Fm. (Corkeron et al., 2012); Tonian, nitric partial leach (Tostevin et al., 2016). 
PAAS-normalisation based on the values of Taylor and McLennan (1985). 
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Highlights 
 
 87Sr/86Sr and REE+Y data were collected from Neoproterozoic carbonate of the 
Amadeus Basin in central Australia. 
 Step-leached 87Sr/86Sr and REY results complement each other. 
 Mid-Cryogenian carbonate has REY compositions suggesting anoxic marine 
conditions. 
 Basal Ediacaran cap carbonate has REY compositions indicative of a non-marine 
source. 
 The Cryogenian-Ediacaran boundary marks a transition from largely anoxic to largely 
oxic marine conditions. 
 
